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The use of beneficial microbes is hitherto known and constantly increasing 
in agriculture due to their positive impact on crop growth and yield, and their 
minimal negative impact on the environment. The objective of this study was 
to evaluate the impact of eight Trichoderma strains of diverse origin on crop 
growth and yield of onion under field conditions. The identity of the strains 
used in the current study was confirmed by ITS and Tef1 gene sequencing. 
Field experiments were conducted in the Rabi season for 2 years (2020–21, and 
2022–23) to evaluate the effect of the application of eight different Trichoderma 
strains that were applied individually and separately as eight different treatments 
(T1–T8) in experimental plots. In the plant growth promotion assay conducted 
in vitro, all strains showed the ability to produce IAA (indole-3-acetic acid), 
with levels ranging from 23.52  μg/mL (T6) to 45.54  μg/mL (T3). Our results 
revealed that Trichoderma treated experimental plots displayed better growth 
indices (plant height, pseudostem diameter), RWC (Relative water content), leaf 
chlorophyll content, and yield-attributing features like biomass (bulb and root 
dry mass), bulb diameter, and harvested bulb yield compared to the untreated 
control plants. In terms of yield, the T2 strain exhibited the highest bulb yield 
consistently for both the years (2020–21 and 2022–23) followed by T3 being 
statistically at par with T5. Among all the evaluated Trichoderma strains, the 
strain T2 (OGRDT2) and T3 (GRDT1), taxonomically identified as Trichoderma 
longibrachiatum, registered bulb yield of 32.24  t/ha and 30.76  t/ha, respectively 
while T5 (GRDT3), identified as Trichoderma asperellum, registered 30.55  t/ha 
average yield for 2 years compared to 24.08  t/ha average yield recorded for 
untreated control plants with an increase of 34, 28 and 27%, respectively. Based 
on our findings, it is concluded that the T. longibrachiatum strains OGRDT2 (T2) 
and GRDT1 (T3), T. asperellum strain GRDT3 (T5) are the best inducers of the 
onion crop growth and yield in the Rabi season and would be explored further 
for its commercial application in onion farming.
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Introduction

Onion (Allium cepa L.) cultivation plays a pivotal role in India’s 
agricultural landscape, contributing significantly to food security, rural 
livelihoods, and economic growth (Kale et al., 2024). Although India 
is now first among the leading onion producers globally, onion 
cultivation still faces several challenges including low productivity, 
poor bulb quality, and susceptibility to pests and diseases. Moreover, 
the erratic weather conditions, high input costs (seed, fertilizers, 
pesticides, labour), post-harvest losses, and fluctuating market prices 
make onion cultivation less remunerative for farmers. Various research 
efforts have been made to improve onion productivity including 
improved practice packages (Abdelrasheed et  al., 2021), precision 
agriculture (Zude-Sasse et al., 2016; Hahn et al., 2024), the development 
of improved onion varieties (Khosa et al., 2016; Mahajan et al., 2018), 
and genomic interventions employing modern biotechnological tools 
(Mainkar et  al., 2023). However, all such efforts have met partial 
success due to the limitations relating to longer times required for 
tangible outputs (varietal development), or the complexity of location-
specific responses and multiple factors determining the yield response.

Growing awareness about the detrimental effects of chemical 
fertilizers on the environment and ecosystems has led to an increasing 
adoption of alternative eco-friendly practices which primarily includes 
the use of beneficial microbes in agriculture (Sridevi and 
Ramakrishnan, 2010). The use of friendly microbes such as 
Pseudomonas (Novello et  al., 2021), Bacillus (Younes et  al., 2023), 
Azotobacter (Kurrey et al., 2018), Rhizobium (Siswanto et al., 2023), 
Mycorrhizae (Ramadan, 2019), and Trichoderma spp. (Younes et al., 
2023) has been explored as an economically viable and sustainable 
solution to improve the growth, yield, and overall health of the onion 
crop. Such beneficial microbes (bacteria/fungi) may colonize the root 
zone and help the plants in nutrient acquisition, hormone production, 
stress tolerance, and disease suppression (Soni and Keharia, 2021; Cao 
et al., 2023). Using microbes to promote plant growth offers numerous 
advantages over chemical fertilizers and pesticides, as it is a sustainable 
and environment-friendly approach that enhances soil health and 
reduces dependence on chemical inputs. This method can lead to 
higher crop yields and increased profits for farmers. Nevertheless, the 
success of this approach relies on several factors, including the type of 
microbe used, crop variety, and environmental conditions. Hence, 
selecting and applying beneficial microbes correctly is critical for 
achieving optimal plant growth promotion.

Trichoderma is a genus of soil-borne fungi that are widely 
recognized for their plant growth promotion potential and plant 
disease suppression (Tyskiewicz et al., 2022). The use of Trichoderma 
spp. has emerged as a viable option for plant growth promotion and 
disease control in many crops including rice (Singh et al., 2023), tomato 
(Sehim et al., 2023), cucumber (Lian et al., 2023), maize (Syamsiyah 
et al., 2023), and wheat (Saadaoui et al., 2023). Trichoderma effectively 
colonize the rhizoplane, rhizosphere, and plant roots, and produce 
several metabolites with biostimulating (phytohormones, 
phytoregulators) and anti-microbial (cell wall degrading enzymes, 
antibiotics, volatile, and non-volatile compounds) features (Tyskiewicz 
et  al., 2022). These metabolites can enhance nutrient uptake and 
assimilation by the plant, resulting in improved root and shoot growth. 
Trichoderma species can also induce plant systemic resistance against 
biotic and abiotic stresses. Due to its eco-friendly nature, Trichoderma 
is recommended for sustainable agriculture practices and integrated 
pest management (Monte, 2023). The Trichoderma application to 

agricultural field crops has been done using various methods that 
include seed treatment (Abdolmaleki et  al., 2021), bulb treatment 
(Younes et al., 2023) soil drenching (Abdel-Kader et al., 2023), foliar 
spray (Mishra, 2019), and drip irrigation (Bonini et al., 2019; Vojnović 
et al., 2023). Whereas the method of seed treatment with Trichoderma 
spp. improves seedling vigor and reduces seedling diseases, and the soil 
drenching method improves root growth and nutrient uptake. 
Similarly, foliar spray with Trichoderma spp. increases plant resistance 
to pathogens and pests, and drip irrigation with Trichoderma spp. can 
deliver the biocontrol agent directly to the roots, resulting in improved 
root colonization and disease control. Moreover, species such as 
T. viride are compatible with arbuscular mycorrhizal (AM) fungi and 
positively influence various growth parameters and pigment content in 
onion plants, and have been proposed as potential alternatives to 
chemical fertilizers (Metwally and Al-Amri, 2020).

Trichoderma application to crops has been demonstrated to 
positively influence plant growth and development. In tomato plants, 
T. harzianum application resulted in increased plant height, stem 
diameter, and leaf area, as well as increased fruit yield and quality 
(Uddin et al., 2018). In cucumber plants, T. harzianum application 
resulted in increased plant height, root length, and shoot weight, as well 
as increased fruit yield and quality (Lian et al., 2023). In maize plants, 
T. harzianum T22 application resulted in increased root and shoot 
growth, as well as increased grain yield (Akladious and Abbas, 2012). 
Although common for radish, tomato, carrot, or head cabbage seeds, 
the technique has been less popular for onion-like crops. The onion 
crop is grown in Rabi, Kharif, and late Kharif season in India, and the 
maximum production of onion comes from the harvest of the Rabi 
season. However, the onion crop confronts many biotic and abiotic 
challenges during different growing seasons that primarily include high 
input costs due to high pest occurrence and disease infestations 
resulting in loss of crop and low yield. The use of Trichoderma spp. is 
seen as a viable, sustainable, and eco-friendly option to combat the 
diseases and the consequent yield losses. Moreover, field application of 
Trichoderma to an onion crop may lead to better crop growth and bulb 
yield. In a study conducted by Ortega-García et  al. (2015), the 
application of T. asperellum resulted in increased bulb biomass and 
phenolic content in onion. However, most of these studies have been 
conducted under controlled conditions in the laboratory or 
greenhouse, and there is limited information on the field application 
of Trichoderma-based formulations in onion cultivation.

Therefore, the present study investigated the effects of field 
application of eight Trichoderma strains (T1–T8) on Rabi onion 
growth, final yield, and bulb quality under natural environmental 
conditions over 2 years (2020–21, 2022–23). Based on the findings of 
this study, we propose that the application of strains OGRDT2 (T2), 
GRDT1 (T3), and GRDT3 (T5) significantly increased the onion crop 
yield compared to the untreated control. These results suggest that 
Trichoderma-based bio-formulations could be further explored for 
their potential to sustainably and eco-friendly enhance onion yield.

Materials and methods

Isolation, identification, and phylogenetic 
analyses of Trichoderma strains

The Trichoderma strains used in the current study were originally 
isolated from soil samples collected from experimental farms of 
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ICAR-Directorate of Onion and Garlic Research (DOGR), Pune, and 
ICAR-Directorate of Groundnut Research (DGR), Junagadh, Gujarat, 
India using the method as described in Rai et al. (2016). After an initial 
screening of 12 strains, eight strains were finally chosen based on their 
superior biocontrol potential. Total genomic DNA was extracted from 
fresh mycelium harvested from PDA (Potato Dextrose Agar) plates 
after 4 days with cetyl-trimethylammonium bromide (CTAB) method 
as described by Kumar et al. (2013). The internal transcribed spacer 
(ITS) and translation elongation factor alpha (tef 1) fragments were 
amplified using the primers pairs (5′-TCCGTAGGTGAACCTGCGG-3′ 
and 5′-TCCTCCGCTTATTGATATGC-3′) and (5′-CATCGAGAAG 
TTCGAGAAGG-3′ and 5′-TACTTGAAGGAACCCTTACC-3′), 
respectively. The PCR reactions were carried out in 20 μL reaction 
mixture containing 10× PCR buffer, 50 ng DNA template, 1.5 mM 
MgCl2, 0.25 mM dNTP mixture, and 0.25 μM each of primer, and one 
unit of DreamTaq DNA Polymerase (Thermo Scientific, India). PCR 
reactions were run in Applied Biosystems Thermocycler, USA with the 
following settings: Denaturation at 94°C (5 min); then 35 cycles of 94°C 
(30 s), 56°C (45 s), and 72°C (90 s). The final extension was done at 
72°C for 10 min. The ITS and Tef1 gene sequences obtained were 
BLAST searched against the NCBI GenBank database to confirm the 
identity of the strains. All the ITS and Tef1 gene sequences have been 
submitted to NCBI GenBank with accessions, ITS1 
(OR048743-OR048747, OR048750, OR048751, OR048753) and Tef1 
(OR102865-OR102869, OR102872, OR102873, OR102875). The 
phylogenetic analysis of the Trichoderma strains used in this study and 
reference sequences of the same species obtained from GenBank was 
carried out using MEGA software (Tamura et al., 2021). The aligned 
Tef1 sequences were used to construct the maximum likelihood tree 
with 500 replicates. The reference strains details are provided in 
Supplementary Table S1.

Plant growth promotion assay (PGPA) 
screening of Trichoderma strains

Screening for IAA production
To determine the production of indole-3-acetic acid (IAA) by the 

eight Trichoderma strains used in this study, 1  mL of a spore 
suspension containing 108 spores/mL from each strain was 
individually added to 100 mL of potato dextrose broth media. The 
media was supplemented with 100 mg/L of L-tryptophan as a 
precursor for IAA synthesis. The fermentation broth was incubated in 
a rotary shaker at 180 rpm min− 1 for 5 days at 28°C, centrifuged at 
10,000g for 20 min at 4°C, and the culture was filtrated through a 
Whatman’s paper No.3 followed by filtration through a 0.22 μm 
Millipore membrane. IAA concentration was quantified using the 
Salkowski reagent assay by measuring the absorbance at 530 nm of the 
pink-colored complex formed through the reaction of IAA with the 
Salkowski reagent (Glickmann and Dessaux, 1995).

Screening for siderophore production
Siderophore production by the Trichoderma strains was 

determined using the CAS (chrome-azurol S- agar) method (Louden 
et al., 2011). A 5 mm mycelial agar disc taken from the edge of an 
actively growing fungus was incubated on CAS agar plates. The strains 
exhibiting the development of an orange halo on Petri plates after 
incubation at 30 ± 1°C for 5 days were considered as siderophore 

producers. For quantitative estimation of siderophore production, a 
10 mL aliquot of supernatant from a liquid culture of each fungus 
grown in potato dextrose broth media incubated at 25 ± 1°C was 
mixed with 10 mL CAS assay solution prepared according to Schwyn 
and Neilands (1987). A reference was prepared with the same medium 
used for growing the fungi, but uninoculated. The sample (s) and 
reference (r) absorbances at 630 nm were read after 2 h of incubation 
at room temperature using UV/Vis spectrophotometer. The 
“siderophore units %” was calculated using the following formula 
(Machuca and Milagres, 2003);

 
( ) Ar AsSiderophore units % 100

Ar
−

= ×

Where; Ar = Absorbance of reference As = Absorbance of sample.

In vitro P-solubilization assay
The eight Trichoderma strains used in the current study were 

evaluated for their capacity to solubilize P in vitro using Modified 
Pikovskaya’s Agar (MPA) as described in Promwee et al. (2014). The 
development of a clear halo around the fungal colonies was considered 
as evidence of their capacity to solubilize the phosphate. A 5 mm dia 
mycelial disc was taken from an actively-growing Trichoderma colony 
and placed in the centre of a Pikovskaya’s Agar plate and incubated at 
room temperature for 3 days. The diameter of the clear halo zone 
around the colony was used to quantitatively assess the phosphate 
solubilization index (PSI) of each Trichoderma strain using the 
formula below:

 

Colony diameter Halo zone diameterPSI
Colony diameter

+
=

Zinc solubilization assay
Trichoderma isolates were screened for their zinc-solubilizing 

ability on basal medium (glucose-10.0 g/L; ammonium sulphate1.0 g/L; 
potassium chloride-0.2 g/L; dipotassium hydrogen phosphate-0.1 g/L; 
magnesium sulphate-0.2 g/L; pH 7.0) supplemented with 0.2% ZnO 
(Sharma et al., 2012). Briefly, actively growing Trichoderma strains 
(~5 mm in diameter) were inoculated on Petri plates containing 
medium separately amended with zinc oxide and incubated at 
25 ± 1°C for 5 days to observe the formation of a clear halo zone 
around colonies. Subsequently, the colony diameter and the diameter 
of the halo zone (mm) formed around the colony were measured after 
5 days of inoculation and Zn solubilization was calculated using the 
following formula:

 

Colony diameter Halo zone diameterZn solubilization index
Colony diameter

+
=

Multiplication of Trichoderma strains for field 
application

Each Trichoderma strain was grown in potato dextrose broth at 
25 ± 2°C for 36 h, and 100 mL of liquid culture adjusted to 108 cfu/mL 
was mixed thoroughly in 50 kg of FYM (Farm Yard Manure) of 
non-defined but of near uniform composition (ensured through 
vigorous mixing) in a rectangular pit of 100 cm × 100 cm × 100 cm 
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(l × b × h). The pit was covered with a polythene cover to allow 
Trichoderma strains to multiply in the FYM for 12 days.

Experimental site and climatic conditions
The field experiments were conducted during the Rabi season of 

2 years viz., 2020–21 and 2022–23, at the experimental research farm 
of ICAR-DOGR, Pune, Maharashtra, India located at Rajgurunagar 
having 18.50350 N (latitude) and 73.53050 E (longitude) at 611 m msl 
(mean sea level) with a temperature range of 5.5–42.0°C and annual 
mean rainfall of 669 mm. The experiment site is situated in the Deccan 
Plateau’s agro-ecological region where 91% of rainfall occurs between 
June and December. The weather data for the 2020–21 and 2022–23 
growing seasons were obtained from Automatic Weather Station, 
ICAR-DOGR, located 50 m apart from the experimental site and are 
given in Supplementary Table S2. The soil of the experimental field 
was black with a texture composition of 55.2% sand, 8.5% silt, and 
36.3% clay and had a pH of 8.3; and EC of 0.23 dS/m.

Field experiments, experimental design, 
and Trichoderma application

The field experiments were arranged in a completely randomized 
block design with nine treatments T1–T8 eight Trichoderma strains 
and one untreated control (T9). Each treatment was replicated three 
times and treatment blocks measured 1 × 8 m. The Trichoderma 
enriched FYM was applied to each plot at a rate of 250 g/plot (8 sqm), 
equivalent to 250 kg FYM/ha as a soil amendment before transplanting 
of onion seedlings, then at 35 DAT (days after transplantation), 65 DAT 
and 95 DAT, while similarly processed FYM with no inoculum added 
to it, was applied at the same rate to the control plot (T9). FYM in both 
the treated and control plots was broadcasted and then irrigated 
through a drip to maintain the moisture required for Trichoderma 
multiplication. The seedlings of the “Bhima Shakti” variety of onion 
were initially raised in the nursery and were transplanted in the main 
field after the application of Trichoderma enriched FYM in each block. 
The basal dose of fertilizers and standard recommended practices of 
crop cultivation were followed during the crop cycle.

Measurement of crop growth and yield 
attributes

Plant height, pseudostem diameter, and number 
of leaves

For the measurement of plant growth parameters, five randomly 
selected onion plants were selected from each replicate plot, and crop 
growth parameters, plant height, number of leaves per plant, 
pseudostem diameter (mm), and number of leaves were measured at 
weekly intervals, with the initial reading taken at 27 DAT. Owing to 
the measurable thickness only achieved after 45 DAT, the first reading 
of the pseudostem diameter of onion plants was recorded at 48 DAT.

Measurement of relative water content (RWC) 
and chlorophyll content

To determine the RWC, 1 g leaf sample (fresh weight) was picked 
from a randomly selected plant at 60 DAT from each replicate plot and 
kept in ordinary water to obtain the turgid weight, the leaves were 

then dried at 70°C in a hot air oven until they reached a constant dry 
weight. The RWC content of the leaves was calculated using the 
formula mentioned below.

 

Fresh weight Dry weightRWC 100
Turgid weight Dry weight

−
= ×

−

The chlorophyll content of the randomly picked plant leaves at 60 
DAT from each treatment plot was measured spectrophotometrically 
using the method described by Lichtenthaler (1987). Spectroscopic 
readings were used to calculate the chlorophyll content using 
the formula.

 ( ) ( )Chl.a 12.46 A664 2.49 A647 g / mL.= − µ

 ( ) ( )Chl.b 5.6 A664 23.26 A647 g / mL.= − + µ

Biomass determination

To determine the effects of Trichoderma application on biomass 
production, the shoot, root, and bulb were excised from randomly 
selected representative plant taken from each replicate of the 
experimental plot at 60 DAT to calculate their individual fresh and dry 
weight per plant basis. To determine the final dry weight of the shoot, 
root, and bulb, the excised samples were dried in an oven set at 60°C 
until they reached a constant weight. The difference in initial fresh 
weight was normalized by expressing the final biomass as a percentage 
of the initial biomass using the equation below.

 

Final dry weightNormalized dry weight 100
Initial fresh weight

= ×

Bulb grades and bulb yield

The mature harvested bulbs were size sorted based on the bulb 
diameter as superior quality bulbs (> 50 mm diameter) and inferior 
quality bulbs (>30–50 mm diameter). The bulbs that were less than 
30 mm were classified as non-grade bulbs. The percentage of bulbs in 
each category was expressed with reference to total bulbs harvested 
from each experimental plot. The bulb yield per plot obtained was 
expressed in t/ha.

Statistical analysis

All the data and their derived variables from the experiments 
were statistically analyzed using IBM-SPSS version 26 to study the 
effect of different Trichoderma strains on various crop growth and 
yield parameters recorded for 2 years (2020–21, and 2022–23). For 
each variable measured, the data was analyzed by one-way ANOVA 
(analysis of variance) using Fisher’s least significant difference 
(p = 0.05) to compare the treatment means. Two-way ANOVA was 
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used to compare the effects of year and Trichoderma application on 
onion bulb yield. Test of the homogeneity of error variances was 
evaluated using Bartlett’s chi-square test for both years’ data. The 
pooled analysis was conducted, depending on the identification of 
homogeneity in error variances. In instances of heterogeneous data, 
a data transformation was applied using the square root of the 
mean squared error (MSE) for the corresponding year before 
performing the pooled analysis. The Fit ANOVA Model was used 
to assess the interactions between treatments and years using 
the equation.

 Y Treatment Year Treatment Year .= µ + + + × + ε

Y = Y is the dependent variable (plant growth); μ = Overall mean; 
Treatment and Year are categorical variables representing treatments 
and years, respectively; Treatment × Year is the interaction term; ε is 
the error term.

After fitting the ANOVA model, the significance of the interaction 
term (Treatment × Year) was examined using an F-test.

Results

The eight fungal strains used in the current study were originally 
isolated from the soil of agricultural fields of ICAR-DGR, Junagadh, 
Gujarat, India, and ICAR-DOGR, Pune, India. The pure cultures of 
the isolated strains were identified as Trichoderma spp. using ITS and 
Tef1 gene sequencing (Supplementary Table S3). Based on the BLAST 
search results of ITS and Tef1 gene sequences against NCBI GenBank 
database, the five strains viz., OGRDT1, OGRDT2, GRDT1, GRDT5 
and GRDT8 were identified as T. longibrachiatum and the strains 
(GRDT3, GRDT6) and GRDT2 were identified as T. asperellum and 
T. harzianum, respectively. The phylogeny of the strains used in the 
current study was inferred based on the phylogenetic tree constructed 
based on the Tef1 gene (Figure 1).

PGPA screening of Trichoderma strains

The eight Trichoderma strains used in the study were screened for 
their plant growth promotion activity (PGPA) viz., IAA production, 
siderophore formation, phosphate solubilization, and zinc 
solubilization. All eight Trichoderma strains produced IAA ranging 
between 23.52 (T6) to 45.54 μg/mL (T3). Trichoderma strains in T3 
(GRDT1) and T2 (OGRDT2) produced the highest level of indole-3-
acetic acid (IAA), with IAA concentrations of 45.54 μg/mL and 
38.45 μg/mL, respectively (Table 1). Similarly, all eight strains showed 
evidence of siderophore production. Strains in T7, T3, T4, and T2 
were hyper-siderophore producers displaying siderophore production 
percentages of 39.4, 39.2, 38.51, and 38.43%, respectively. In addition, 
strains in T1, and T8 were able to solubilize phosphate (Table 1); Strain 
in T1 demonstrated the highest levels of phosphate solubilization 
(3.10 mm). All strains were positive for zinc solubilization potential 
but strains in T7 (5.6 mm) and T5 (4.75 mm), showed the highest zinc 
solubilization. These data indicate that all eight Trichoderma isolates 
could be used as multifunctional biological stimulants to enhance 
nutrient availability for plant growth and development.

Effect of Trichoderma application on crop 
growth parameters

Canopy traits: plant height, number of leaves, 
and pseudostem diameter

In this study, the impact of Trichoderma application on onion 
plants was assessed by measuring various growth parameters of 
randomly selected plants from each treatment plot on weekly basis 
from transplant to crop maturity. A clear positive effect of Trichoderma 
application was noted on plant height compared to the untreated 
control for both years. In 2020–21, the maximum height of the onion 
plants reached 48.46 (±0.7) cm for T1 compared to 39 (±0.8) cm for 
control plants (Figure 2A). Strain T1 also performed best in second 
year (2022–23) with onion plants height reaching up to 43.9 (±0.42) 
cm again compared to 38.9 (±0.77) cm for control plants. Analysis of 
pooled (2-year) data showed a statistically significant effect of 
Trichoderma application on plant height with T1 strain performing 
best with a mean height of 46.21 (±1.08) cm compared to the control 
height of 38.5 (±1.2) cm.

FIGURE 1

The phylogenetic tree inferred using Tef1 gene sequences of 8 
Trichoderma strains and 23 reference strains using the Maximum 
Likelihood method and Tamura-Nei model (bootstrap values are 
indicated at each node).
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Differences were observed in the number of leaves produced by 
Trichoderma-treated and untreated control plants for either of the 
study years. Each plant developed a maximum of 9–10 leaves. 
Trichoderma had a significant effect on pseudostem diameter with 
strains in T7 and T8 inducing the greatest growth response in both 
years, with an increase of 60.20% (15.7 mm compared to the control, 
9.8 mm) and 26.07% (13.56 mm against 10.76 mm for control) in 
2020–21 and 2022–23, respectively (Figure 2B).

Relative water content (RWC) and chlorophyll 
content

The RWC content in onion leaves ranged from a minimum of 
65% for control plants to a maximum of 71.31% for T1 treated plants 
in 2020–21 whereas the RWC in 2022–23 ranged from a minimum 
of 54.21% (control plants) to 58.2% for T6 and T7 (Figure 3A). RWC 
values were higher in all Trichoderma treatments compared to the 
control plants in both years. However, the overall RWC values 
recorded in 2022–23 were comparatively low compared to those 
recorded in 2020–21. Comparing cumulative RWC values for both 
years, the Trichoderma application enhanced the relative water 
content in leaves by up to 8.2% was noted for treatments T2, T6, T7, 
and T8. Significant differences were noted in leaf chlorophyll content 
and significantly higher “total leaf chlorophyll” levels of 4.21 μg/mL, 
and 4.19 μg/mL were observed for T3 and T1 plants, respectively, 
compared to 1.74 μg/mL “total leaf chlorophyll” in the control plants 
(Figure  3B). All the Trichoderma treatments (except T4 and T5) 
induced >2 fold increase in the “total chlorophyll content” indicating 
a clear positive influence of Trichoderma on leaf chlorophyll content. 
There was a clear relationship between the “total chlorophyll content” 
and chlorophyll “a” content but the chlorophyll “b” content did not 
follow the similar trend.

Root, shoot, bulb, and total biomass 
accumulation

Significant differences were detected in shoot, root, and bulb 
biomass between treated and untreated plants in both trial years, with 
a notable increase in biomass in Trichoderma-treated vs. control plots. 
Effect of Trichoderma application was more pronounced on the root 
biomass compared to the shoot biomass. The highest biomass was 
recorded for T2 with a dry weight that was equivalent to 11.9% of fresh 
weight of roots whereas the control plants had an average biomass 
weight equivalent to 8.64% of the fresh weight. Strains in T1, T7, and 

T8 performed statistically at par with the T2 strain in terms of root 
biomass accumulation (Table  2). The highest average biomass 
accumulation for root and bulb tissue in both years was obtained in 
plants treated with T2 (Table  2). A two-way ANOVA revealed a 
significant interaction between ‘year’ and ‘treatment’ and the biomass 
accumulated during 2022–23 was higher than 2020–21 for 
most treatments.

Effect of treatment on yield

The different Trichoderma strains influenced the bulb yield to a 
varying extent. Significant effects on bulb yield were seen in both 
experimental years. The treatment component p-value was 0.016 in 
2020–21 and thus the LSD multiple comparison test was performed 
to evaluate means (Table 3). The highest yield was recorded from plots 
treated with the T2 strain (33.81 t/ha) and T3 (33.03 t/ha) was found 
statistically (p = 0.05) at par with T2 in the year 2020–21. In 2022–23, 
the highest bulb yields were again recorded from plants treated with 
T2 (30.68 t/ha). Yields from plants treated with T3 and T5 were not 
statistically (p = 0.05) different from those obtained from plants treated 
with T2. The F test conducted to check the homogeneity of the 
variance (p value of the F test = 0.35) showed the results are 
non-significant and the error MS of both the years were homogenous 
and hence the yield data from both experimental years were pooled 
and analyzed The analysis showed that yields were significantly higher 
from plots treated with strain T2 (32.24 t/ha) and was significantly 
higher than that obtained under all other Trichoderma treatments 
(Table 3).

Trichoderma application effect on onion 
bulb diameter

The highest number of superior quality bulbs (bulb 
diameter > 50 mm) were obtained from plots treated with T2 and T3, 
with the total percentage of bulbs reaching the desired diameter 
making up 48 and 53% of total harvested in 2020–21 and 2022–23, 
respectively (Table 3). The lowest number of inferior quality bulbs 
(bulb diameter 30–50 mm) was also harvested from plots treated with 
T2, and made up an average of 33% of total harvest for both 
trial years.

TABLE 1 Evaluation of PGPA potential of the eight Trichoderma strains used in the current study.

Treatment Organism Strain ID IAA (μg/mL)
Siderophore 

(%)
P-solubilization 

zone (mm)

Zinc 
solubilization 

zone (mm)

T1 Trichoderma longibrachiatum OGRDT1 26.96 36.22 3.10 1.10

T2 Trichoderma longibrachiatum OGRDT2 38.45 38.43 0.00 1.50

T3 Trichoderma longibrachiatum GRDT1 45.54 39.20 0.00 1.05

T4 Trichoderma harzianum GRDT2 32.10 38.51 0.00 2.70

T5 Trichoderma asperellum GRDT3 37.44 36.45 0.00 4.75

T6 Trichoderma longibrachiatum GRDT5 23.52 31.22 0.00 1.35

T7 Trichoderma asperellum GRDT6 33.52 39.40 0.00 5.60

T8 Trichoderma longibrachiatum GRDT8 27.13 34.15 2.15 1.50
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Discussion

This study included eight Trichoderma strains, originally isolated 
from agricultural fields of ICAR-DOGR, Pune, Maharashtra and 
ICAR-DGR, Junagadh, Gujarat. Trials were done to evaluate their 
relative efficacy for promoting onion plant growth and yield. 
Trichoderma spp. are well-known for their biocontrol and plant growth 

promotion potential (Tyskiewicz et  al., 2022; Kredics et  al., 2024). 
These fungi are versatile as opportunistic symbionts in plants 
(Abdelrahman et  al., 2016) and act as microbial biostimulants, 
activating signaling networks, biosynthetic pathways, and hormonal 
interactions upon entering plant tissues (Younes et  al., 2023). The 
identity of the Trichoderma strains used in this study was confirmed by 
ITS and Tef1 gene sequencing, with five of them specifically identified 

FIGURE 2

Effect of Trichoderma application on plant growth parameters of onion crop. (A) Plant height. (B) pseudo-stem diameter recorded for 2 years (2020–
21 and 2022–23).
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as Trichoderma longibrachiatum, a species known for its potential to 
mitigate onion plant damage induced by abiotic stress and also to the 
infection by Sclerotium cepivorum (Camacho-Luna et al., 2023).

The investigations on PGP potential of these taxonomically 
related strains assumed that even taxonomically related isolates may 
differ substantially in their ecological function in soil ecosystem and 

FIGURE 3

Effect of Trichoderma application on RWC and chlorophyll content of onion crop. (A) Relative water content. (B) Chlorophyll content.
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may impact the plant growth differently. The stimulatory effect of 
Trichoderma on plants is probably related to their involvement in the 
crosstalk between the growth hormones synthesized by these fungi 
and the defense hormones induced by them in the plant (Tyskiewicz 
et al., 2022). Important traits like auxin phytohormone production 
are strain dependent and influenced by external environmental 
factors (Nieto-Jacobo et al., 2017). Therefore, it is now believed that 
Trichoderma-mediated plant growth promotion is strain specific 
rather than species-specific and individual isolates may exhibit 
considerable variation in plant-growth promotion effects, and even 
plant specificity (Stewart and Hill, 2014). Therefore, the present study 
also evaluated the PGP potential of eight Trichoderma isolates, 
notably for their capacity to produce IAA, siderophore formation, 
phosphate solubilization and zinc solubilization. Although five of 

isolates classified as Trichoderma longibrachiatum, there was 
considerable variation in IAA production affirming that PGPA traits 
are strain specific. The findings highlight the importance of strain 
selection for desired effects on the crop of interest (Pedrero-Mendez 
et al., 2021).

In our study, onion plants treated with Trichoderma exhibited 
enhanced growth characteristics compared to untreated control plants. 
The beneficial outcome of applying Trichoderma was particularly 
notable in growth characteristics such as plant height (Figure 2A) and 
pseudostems diameter (Figure 2B) which are crucial indicators of plant 
health and vigor. Our findings are consistent with those of Metwally 
and Al-Amri (2020), wherein the application of T. viride resulted in a 
significant increase in onion plant height and neck diameter, with 
improvements of 52.7 and 17.8%, respectively, compared to 

TABLE 2 Effect of application of different Trichoderma strains on shoot, root and bulb biomass of onion plants.

Fresh weight (g) Dry weight (g) % Normalized weight*

Treatment 2020–21 2022–23 Pooled 2020–21 2022–23 Pooled 2020–21 2022–23 Pooled

Shoot

T1 20.33 18.96 19.65 1.89 1.81 1.85 9.30b 9.55bc 9.42c

T2 18.25 21.58 19.91 1.81 2.42 2.12 9.92a 11.21a 10.62a

T3 15.57 24.00 19.79 1.40 2.36 1.88 8.99bc 9.83bc 9.50bc

T4 14.72 24.53 19.63 1.38 2.30 1.84 9.38b 9.38c 9.38c

T5 18.77 36.00 27.38 1.77 3.63 2.70 9.43b 10.08b 9.86b

T6 11.48 25.90 18.69 1.09 2.27 1.68 9.49ab 8.76d 8.99d

T7 13.44 33.68 23.56 1.21 2.74 1.97 9.00bc 8.14d 8.38e

T8 13.77 26.61 20.19 1.25 2.63 1.94 9.08bc 9.88bc 9.61bc

Control 11.86 24.72 18.29 1.04 2.04 1.54 8.77c 8.25d 8.42d

Root

T1 1.58 1.52 1.55 0.17 0.17 0.17 10.76b 11.18ab 10.97b

T2 1.38 1.16 1.27 0.17 0.13 0.15 12.32a 11.21ab 11.81a

T3 2.24 0.87 1.55 0.20 0.10 0.15 8.93c 11.49a 9.65c

T4 2.60 0.66 1.63 0.21 0.07 0.14 8.08cd 10.61b 8.59d

T5 2.61 1.65 2.13 0.20 0.18 0.19 7.66d 10.91ab 8.92d

T6 1.69 1.65 1.67 0.19 0.12 0.15 11.24b 7.27c 9.28d

T7 1.73 1.70 1.72 0.19 0.19 0.19 10.98b 11.18ab 11.08b

T8 1.23 0.70 0.97 0.14 0.08 0.11 11.38b 10.43b 11.40b

Control 1.38 1.13 1.26 0.12 0.09 0.11 8.70c 7.96c 8.37d

Bulb

T1 18.03 22.19 20.11 2.15 3.28 2.71 11.92bc 14.78b 13.50c

T2 17.74 32.05 24.90 3.05 5.83 4.44 17.19a 18.19a 17.83a

T3 13.67 26.37 20.02 2.00 4.10 3.05 14.63ab 15.55b 15.23b

T4 13.72 29.25 21.48 1.90 4.50 3.20 13.85bc 15.38b 14.89b

T5 11.41 36.43 23.92 1.34 5.15 3.24 11.74bc 14.14b 13.57c

T6 12.70 28.70 20.70 1.74 4.49 3.11 13.70bc 15.64b 15.05b

T7 14.22 33.71 23.97 2.11 4.86 3.48 14.84ab 14.42b 14.54bc

T8 11.43 28.12 19.77 1.53 3.23 2.38 13.39bc 11.49c 12.04d

Control 14.12 21.59 17.85 1.48 2.41 1.94 10.48c 11.16c 10.89d

*Percent normalized weight was calculated based on the formula given in the methods section. Superscript alphabets signify statistically significant grouping of the treatments.
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uninoculated control plants. The increase in the height of Trichoderma 
treated plants can be ascribed to the ability of the strains to produce 
indole-3-acetic acid, a vital plant growth regulator that plays a central 
role in cell elongation and division. Trichoderma strains T2 and T3 
which produced highest level of IAA in the in vitro assays also induced 
the greatest increase in the height of onion plants compared to the 
other Trichoderma strains tested. Moreover, it has been reported that 
even the same Trichoderma strain may produce variable amounts of 
IAA under different environmental conditions (Nieto-Jacobo et al., 
2017). Our results were consistent with those of Ortega-García et al. 
(2015) where the authors reported a corresponding higher vigor of 
onion plants by the application of a high IAA producing T. asperellum 
strain. IAA is also well-known for its role in cell elongation, softening 
the plant cell walls, thus allowing cells to expand and elongate, leading 
to increased plant height and size (Reetha et al, 2014). IAA also 
promotes root growth which is an essential trait for better nutrient and 
water uptake from the soil (Stewart and Hill, 2014). The positive 
impact of OGRDT2 (T2) and GRDT1(T3) strains may be  partly 
attributed to their ability to produce high levels of IAA, as well as other 
compounds such as siderophores. The strains OGRDT2 (T2) and 
GRDT1(T3) siderophores compared to the other strains. Higher 
siderophore production can lead to enhanced iron uptake by the plants 
because siderophores released by Trichoderma can in turn chelate iron 
ions from the soil, forming complexes that are readily taken up by 
colonized roots. Trichoderma siderophores have been shown to 
promote plant growth in vegetable crops like bean (Phaseolus vulgaris 
L.) (Hoyos-Carvajal et al., 2009) and cucumber (Qi and Zhao, 2013). 
Although, the test isolates were screened for their ability to solubilize 
phosphate, isolates OGRDT1 (T1) and GRDT8 (T8) showed the 
highest phosphate solubilization potential. They did not induce higher 
growth or yield potential. Similarly, isolates GRDT6 (T7) and GRDT3 
(T5) with highest zinc solubilization potential, they did not promote 
plant growth or enhance yield.

The present study also recorded canopy related traits like number 
of leaves, pseudostem diameter, relative water content (RWC) and 
chlorophyll content. Traits like “number of leaves” were not affected 

by application of Trichoderma; this is a genetic trait that only differs 
with the variety or cultivar used. Trichoderma applications improved 
RWC in onion leaves, to varying degrees across the different 
treatments but differences were not statistically significant. Similarly, 
leaf chlorophyll content was positively influenced by the Trichoderma 
treatments, with leaves containing higher levels of chlorophyll “a” and 
total chlorophyll in compared to untreated control plants. Leaf 
chlorophyll and accessory pigments are integral components of the 
photosynthetic machinery in plants playing a vital role in the 
absorption of light energy and thus driving the plant’s photosynthetic 
activity which in turn translates into enhanced plant biomass 
production (Simkin et al., 2022). Our study showed that Trichoderma 
boosted photosynthetic pigment levels and resulted in better growth 
of onion under field conditions. Our results agree with earlier reports 
where the application of T. asperellum to onion plants improved 
photochemical performance compared with that of uninoculated 
plants; and the chlorophyll and carotenoid contents were 130 and 40% 
higher, respectively (Rodriguez-Hernandez et al., 2023). The positive 
impact of Trichoderma application on onion leaf chlorophyll has also 
been reported previously by Metwally and Al-Amri (2020). 
Furthermore, the application of Trichoderma has been reported to 
boost the enzymatic superoxide dismutase (SOD), catalase (CAT), 
peroxidase (POD), and glutathione peroxidase (GPX) and 
non-enzymatic antioxidants like phenolics and flavonoids (Ortega-
García et al., 2015; Vojnović et al., 2024) in onion plants, ensuring 
reduced production of Reactive Oxygen Species(ROS) in the growing 
plants which may otherwise damage thylakoid membranes and thus 
decrease the photosynthetic activity due to the oxidative damage. 
Rodriguez-Hernandez et al. (2023) have reported a two-fold increase 
in phenolic content and 15–70% higher antioxidant activity in plants 
treated with T. asperellum compared to the uninoculated plants.

Furthermore, the study investigated Trichoderma’s influence on 
plant biomass and bulb yield. Trichoderma-treated plants produced 
higher total biomass compared to the control, particularly in plants 
treated with isolates T2, T1 and T3. Biomass is an important measure 
of treatment effect on crop production and productivity. The use of 

TABLE 3 Variation in yield attributes of freshly harvested onion bulbs and bulb diameter.

Treatments Bulb Yield (t/ha) %Bulbs (Diameter  >  50  mm) %Bulbs (Diameter  >  30–50  mm)

2020–21 2022–23 Pooled 2020–21 2022–23 Pooled 2020–21 2022–23 Pooled

T1 27.36ef 25.06d 26.21d 43.06 47.63 45.35 37.98 42.30 40.14

T2 33.81a 30.68a 32.24a 40.12 65.90 53.01 38.33 28.58 33.46

T3 33.03a 28.49ab 30.76b 47.47 48.75 48.11 33.87 48.02 40.95

T4 28.42de 25.20d 26.81cd 40.78 49.99 45.39 41.33 44.04 42.69

T5 31.38b 29.72ab 30.55b 43.59 50.34 46.97 34.07 49.65 41.86

T6 30.90bc 25.35cd 28.17c 25.60 35.33 30.46 41.92 64.66 53.3

T7 28.09de 27.64bc 27.86c 39.60 46.56 43.08 34.06 50.61 42.34

T8 29.53cd 25.73cd 27.63c 36.89 39.75 38.32 42.78 48.94 45.86

Control 26.35f 21.80e 24.08e 45.09 48.10 46.60 40.12 41.58 40.85

LSD (p = 0.05) (Treatment) 1.54* 2.44* 1.39* 22.2ns 19.1ns 14.1ns 12.87ns 17.4* 10.47ns

LSD (p = 0.05) (Year) – – 0.65* – – 6.6* – – 4.93*

LSD (Treatment × Year) – – 1.97* – – 20ns – – 14.81ns

At the p = 0.05 level, *indicate the significant and nsindicate non-significant differences in mean values of treatment, year, and their interactions (year × treatment). Superscript alphabets signify 
statistically significant grouping of the treatments.
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bio-stimulants has been reported to increase the biomass of onions 
cultivated under hot conditions in Serbia (Vojnović et al., 2023). In 
this study, we investigated the effects of Trichoderma application on 
both belowground and above-ground tissues of onion plants. Isolate 
OGRDT2 (T2) had a greatest effect on root biomass. The beneficial 
effect of T2 on onion bulb yield, we believe to be principally mediated 
through effects on the root system. The present study confirmed the 
beneficial effect of Trichoderma isolate T2 on bulb yield both the 
experimental years with an average of 32.24 t/ha yield recorded against 
24.08 t/ha from the control plants. Bulb yield is the most important 
parameter given that it is this part of the plant that is consumed but 
bulb shape is an important consumer trait, with preference for bulbs 
with a perfect spherical shape and a diameter of more than 50 mm are 
preferred. Isolate T2 was notable in its effects on the important trait 
and an average of 53% of bulbs harvested from T2-treated plots 
were > 50 mm is diameter, compared to 46.6% of bulbs from the 
control. Moreover, the Trichoderma treated plants also registered a 
lower percentage of inferior size bulbs, with a diameter < 30 mm (33%) 
with 40% of the bulbs harvested from the control plots considered as 
C-grade bulbs. The impact of Trichoderma inoculation on the bulb 
sphericity and size has been reported recently by Rodriguez-
Hernandez et al. (2023).

Our results underscore the diverse positive effects of applying 
Trichoderma on onion plant growth and development. The study 
underscores the potential of Trichoderma as a valuable biological 
stimulant for bolstering onion growth and productivity. Based on the 
results obtained in this study, we  infer that Trichoderma strains 
OGRDT2 (T2) and GRDT1 (T3) showed the greatest potential to 
improve onion production.

Conclusion

The current study evaluated the effects of eight different 
Trichoderma isolates on plant growth and yield parameters of Rabi 
onion crops under field conditions over 2 years. Our results suggest 
that despite their phylogenetic similarity, the eight Trichoderma 
isolates differed in their plant growth promotion potential as assessed 
by in vitro assays on IAA production, siderophore formation, 
phosphate solubilization and zinc solubilization. As a result, the eight 
Trichoderma isolates had variable effects on plant growth promotion 
and yield attributes of onions. Still, each Trichoderma isolate evaluated 
promoted onion growth and productivity compared to the untreated 
control reaffirming the plant growth promoting potential of this 
beneficial fungus. Our results showed that the Trichoderma 
longibrachiatum isolates OGRDT2 (T2), GRDT1 (T3) and GRDT3 
(T5) outperformed all other Trichoderma isolates tested and increased 
bulb yield of 34, 28 and 27%, respectively, over the untreated control. 
These isolates could be  explored further for their commercial 
application in onion farming.
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